The approach to particle sizing with optical particle counters is often simple interpolation of calibration data. A method is presented that uses the results of Mie-theory-based simulations to describe the signal between calibration points, thus reducing the number of necessary calibration points or increasing the sizing accuracy significantly. Through the use of Mie theory, particles with a refractive index differing from the calibration particles can be measured without an individual calibration. The method can be used with custom research setups or commercially available optical particle counters with various detector designs. If needed, the method can be applied to particle counters for which only the light wavelength used is known. The method is tested using a commercially available optical particle counter with a polystyrene microsphere calibration, measuring polystyrene microspheres as well as THP-1 cells, Chinese hamster ovary cells, and yeast cells. Without material specific calibration, simple interpolation results in about half the actual particle sizes for these biological samples, whereas the presented method yields accurate results.
INTRODUCTION
The quantitative determination of particle concentrations and sizes has reached enormous significance over the past years. Particle counting techniques are used in environmental [1] and biological [2, 3] applications as well as in industrial processes. Their employment ranges from the detection of aerosol particles in forests [4] to counting dust particles in clean room facilities [5] . Particle counting techniques are used to monitor debris particles [6] in lubricants and contamination in water purification [7, 8] . Biomedical applications use particle counters, for example, to detect single DNA molecules [9, 10] and DNA content [11] . Particle counters are also used for diagnostic purposes, i.e., counting white blood cells [12] [13] [14] [15] , which is vital for a variety of applications, such as the detection of HIV infections [16] .
Of particular interest in this field are extinction (light-blocking) sensors due to the high accessible sample flow rates and their relatively simple design. Alienable products are mostly calibrated with a single particle standard to assign sizes to certain signal strengths, thus yielding wrong results for particles with differing refractive index.
In this work we present a method for enhanced particle diameter determination that can be applied post-measurement or integrated in already established in-line techniques. The enhancement is achieved by consideration of light scattering effects described by Mie theory [17] during interpolation of the measurement data. Mie theory has been used in scientific particle sizing before, in combination with a light scattering microscope [18] [19] [20] , Mie resonance spectroscopy [21] , laser diffraction spectroscopy [22] , and various other measurement methods [23] [24] [25] [26] , but has not yet been introduced to measurement data interpretation of optical particle counters.
The Mie-theory-based interpolation allows for a lower count of calibration points, reducing time and financial costs of the calibration procedure, while increasing the diameter determination accuracy of the setup. Furthermore, the presented method allows measurement of particles with a material differing from the calibration material without individual calibration.
The method was tested with a commercially available particle counter. First, the calibration improvement on polystyrene microspheres is shown. Second, using the polystyrene calibration from before, measurements on biological samples are presented.
METHOD
Counting microparticles is often achieved using light scattering by single particles that move through a sufficiently small detection volume to avoid particle coincidences. Light scattering setups detect the scattered light directly at certain scattering angles, while extinction sensor setups have their sensors positioned inside the path of the unscattered light and are, therefore, sensitive to the portion of the light that is scattered away from the sensor. Particle sizes can be correlated to the amount of light scattered by the particle. The established method for particle size determination in commercial products is the interpolation of calibration data obtained by reference particles, for example, linear or piecewise cubic. The performance of this method depends strongly on the smoothness of the calibration curve and on the number of calibration points.
Figure 1(a) shows two calibration curves. Both are calculated from the same calibration data for a Syringe particle counter, which is explained in detail at the end of this section. The blue curve is obtained by piecewise cubic interpolation of the calibration data and is therefore as featureless as possible between the calibration points, while conserving the continuity of the curve and its derivative at the calibration points. The red curve is calculated using Mie-theory-based simulations of the light scattering on spherical particles of different sizes with the refractive index of the calibration material. This curve clearly shows significant features between calibration points representing the light scattering behavior of spherical particles of the calibration material. To consider these features using piecewise cubic interpolation, the feature would have to be sampled with numerous calibration points. Mie-theory-based interpolation, on the other hand, uses knowledge from simulations to correctly predict the irregularities in the light scattering signals between calibration points and conclude the correct particle sizes.
The common approach to particle size determination makes it also necessary to calibrate the setup for each material studied. Figure 1(b) shows the differing theoretical extinction sensor signals for particles of various materials. In the case of biological samples, finding suitable calibration standards can be difficult. Since the presented method is based on Mie theory, which includes the refractive index (RI) of the scatterer, additional calibrations are not needed-only the refractive index has to be known. This is also true for studies of particles in different surrounding media.
The measured sensor output of the commercial particle counter is denoted U meas and, in the case of the presented setup, is represented in units of volts. In the common approach, the measured diameters D meas are obtained by interpolation of the sensor output values U meas and the calibration data, a set of corresponding sensor output values U calib and diameters D calib , as depicted in Fig. 1(c) .
The approach including Mie theory allows calibration improvements and a direct correction of particle diameters for different materials. Mie-theory-based light scattering simulations, which are represented by the blue dashed boxes in Fig. 1 , yield light power values, while only output voltages U meas are obtainable from a commercial setup without applying probes inside the detector electronics. To obtain the light power measured by the sensor, the inverse of the setup response function PU has to be known or approximated. This can be done using the calibration data and will be explained later in detail (see Section 2.4). With the inverse setup response function, the sensor output can be translated into light power values P meas detected by the sensor. These can be compared with powers P sim from the Mie-theory-based simulations to obtain the corresponding corrected particle diameters, as presented in Fig. 1(d) . This approach can be used to generate a new calibration curve for the setup, linking sensor output signals U meas with the corrected diameter values D corr for particles of any material with a known refractive index n meas .
The calculation of the simulated power P sim can be divided into three parts: first, the light scattering of the particle; second, the possible influences of a microfluidics cuvette; and last, the influences of the sensor, which will be described in Sections 2.A, 2.B, and 2.C, respectively. Section 2.D describes the approximation of the inverse setup response function PU . The following calculations are performed for a commercially available particle counter (Syringe, Markus Klotz GmbH, Germany) that is later on used to test the presented method. This particle counter uses an extinction sensor and an illumination wavelength of 780 nm. Further parameters of the setup, such as the cuvette geometry, are described below.
A. Light Scattering Simulation
All particles considered in the presented work are assumed to be spherical, therefore rotational symmetry can be assumed in the light scattering simulations. Using Mie theory [17] , as described in Bohren's and Huffman's "Absorption and Scattering of Light by Small Particles" [27] , Mueller matrices M can be calculated for various scattering angles θ. As truncation criterion N t for the infinite series expansion of the Mie theory solutions,
was used in accordance with Wiscombe's findings [28] . The parameter n m describes the medium refractive index, while the wavelength is denoted by λ. Other parameters influencing the simulated light scattering are the sphere diameter D sim and the scatterer refractive index n s . These Mueller matrices transform an incoming Stokes vector [29] into an outgoing one that describes the scattered intensities I out θ and corresponding polarizations via Q out θ, U out θ, and V out θ: 0
The variable k describes the wavenumber, while r represents the distance at which the intensity is measured. Integrating these intensities over corresponding elements of a spherical surface with radius r eliminates the distance and results in the light power P that is scattered into the solid angle belonging to the scattering angle θ:
Since the input irradiance I in is not necessarily known and nonpolarized illumination is used, division yields the diverted power per input irradiance, which therefore is measured in the units of an area. The factor 2π sinθ in Eqs. (3) and (4) originates from the already executed integration of the azimuthal angle ϕ in combination with the rotational symmetry of the problem. The angular resolution of the scattering angle in the Mie-theory-based simulation is denoted by Δθ.
Integration to obtain power per solid angle has two advantages. The first is that the distance between the scatterer and the detector is irrelevant, since the power inside the solid angle is conserved in vacuo. The second is that the angle under which the light is detected by the sensor is irrelevant as well, for any increase in detection area over which the intensity would spread is handled through the scattering angles. A tilted sensor will detect fewer scattering angles than an orthogonally orientated one and thus will sense less power.
B. Cuvette Influences
Some aerosol particle counters do not use a cuvette in their setup. In those cases, this section can be skipped and the effective scattering angle θ eff in the later sections is to be replaced with the actual scattering angle θ.
Figure 2(a) shows the schematic of the cuvette of the setup used. Two glass slabs are held in place by a metal retainer, creating a defined space between the glass slabs, in which the medium carrying the particles can flow. Disregarding the influence of the metal sidewalls, rotational symmetry is conserved. The incident light passes the first glass slab orthogonally, enters the medium, and is scattered by a particle. The scattered light passes the second glass slab at various angles, as depicted in Fig. 2(b) . The scattering angle leading to total reflection θ tr at the glass-air interface of the second glass slab is easily determined by
Neglecting light paths with more than one interaction per glass interface, scattering angles greater than θ tr will not leave the cuvette toward the sensor and therefore cannot be detected. All other scattering angles lead to light paths that leave the cuvette toward the sensor. With known widths of the medium d m , the glass d g , and the sensor d s , these lateral offsets from the optical axis at the sensor plane can be calculated with the use of Snellius' laws. From this offset, an effective scattering angle θ eff can be assigned to each actual scattering angle θ:
The transmission and reflection at the glass interfaces in accordance with Fresnel's equations can also be handled in the Mueller-Stokes formalism [30] . To incorporate the polarization of the scattered light correctly, transmission and reflection have to be applied before the integration from Eqs. (3) and (4). The particle counter setup used in this study has an extinction sensor that is exposed to the complete input irradiance when there is no particle inside the illuminated volume.
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As a particle enters the volume, light is scattered away from the sensor. Through a high pass filter, the sensor acts in a near differential manner, only outputting the rapid changes of detected power due to particles passing through the detection volume. Thus, all light not hitting the sensor has to be integrated to obtain the signal the sensor detects. It is therefore of no importance in this setup configuration whether the light power is not detected due to missing the sensor surface or due to reflection at the glass slab interfaces. Hence, the reflected and transmitted portions of light paths not hitting the sensor do not need to be calculated. The reflected portion of the light hitting the sensor, on the other hand, influences the output signal. The reflectance matrix R 0 with no particle present can be described by the reflectance matrices of the first glass interface R 1 and the second one R 2 for orthogonal incidence:
With a particle present, non-orthogonal light paths passing the cuvette glass surfaces are possible, as depicted in Fig. 3(a) . Since the high pass basically subtracts the state of the sensor with no particle present, for calculations of the signal with a particle inside the measurement volume the reflectance R 0 has to be subtracted. The combined reflectance R of both glass slab interfaces can be calculated, the reflectance without a particle R 0 subtracted, and the intensities I sens for light hitting the sensor determined, which replace I out in Eq. (3):
For spherical particles in combination with a non-polarized illumination, U out and V out are always equal to 0, resulting in the simplified Eq. (10). Figure 3(b) shows that the first two elements of the first column of the differential reflectance matrix R Δ are sufficiently small to be neglected for the presented extinction sensor setup, where only effective scattering angles up to 5.6°can hit the sensor. Other setups, especially scattering light sensors with high angles toward the cuvette glass surface, have to regard these influences in order to assess the correct particle sizes.
C. Sensor Influences
To decide which effective scattering angles θ eff hit the sensor, an effective acceptance angle θ acc can be determined, as shown in Fig. 2(a) :
with r sens being the radius of the sensor, and d sens the distance of the sensor from the most probable particle location. The condition for light from a scattering angle θ to not hit the sensor is easily described in the case of a round sensor geometry:
At first glance, a square sensor disrupts the assumed rotational symmetry of the problem. The solution is to determine the parts of concentric circles that lie outside a square, since the light not hitting the sensor has to be found for this detector setup. This problem has an eightfold symmetry. Finding the intersection of a circle and a side of the square yields an azimuthal angle ϕ, as depicted in Fig. 4(a) . The ratio of the circumference lying outside the square ΔC is then described by
This ratio can be used as a weighting function for the effective scattering angles θ eff : wθ
The radius of the sensor r sens is defined by half of the diagonal of the square sensor, since this point accepts the highest scattering angles. The weighting functions for a round and a square sensor are shown in Fig. 4(b) for an exemplary effective acceptance angle of 7°. Additionally the trivial cases, where the full circle for θ eff lies either inside or outside the sensor surface are defined as
wθ eff > θ acc 1:
The sum over the weighted scattered powers per incident irradiance yields the relative power drop detected by the sensor when a particle is present:
With a known and stable input irradiance I in , the simulated power drop on the sensor P sim can be calculated. Since the effect of I in is of linear nature, it can also be easily eliminated during the determination of the inverse setup response function in the subsequent section. The above calculations have to be performed for a range of particle diameters D sim that includes the assumed diameters of the measured particles. The resulting curve P sim D sim has to be inverted to obtain the corrected diameters D corr from the measured power signals P meas . Therefore, P sim D sim has to be monotonic. Since it contains rapid oscillations for high refractive index and high particle diameters a Savitzky-Golay filter [31] is used. Figure 5(a) shows that the general shape of the simulated signal is not deterred by the application of the Savitzky-Golay filter. A section with rapid oscillations in the simulated signal is enhanced in Fig. 5(b) , presenting the smoothing by the filter, rendering the curve monotonic and invertible.
D. Setup Output Signal
To obtain the power detected by the sensor during measurements, the relation between this power and the setup output signal has to be determined. This can be achieved using the calibration data set, consisting of known particle and medium refractive index, particle diameters, and resulting setup output signals. From those parameters, the corresponding detected power drop P calib can be simulated, as shown in Fig. 1(d) and presented in the above sections. This corresponding power values P calib and sensor output signal values U calib can be used to interpolate the power values P meas from the measurement setup output values U meas .
The presented setup uses a high pass filter, which lets the sensor act in a nearly differential fashion. This effect is already handled by calculating the power of the light scattered away from the sensor by the presence of a particle. Still, the setup To make the curve PD invertible, it has to be smoothed. This is achieved by applying a Savitzky-Golay filter of the third order. The ripples in the simulated signal introduce a certain degree of uncertainty to the particle diameter determination with an extinction sensor. This effect is inherent with the setup geometry and increases with the particle diameter and the relative refractive index, i.e., the ratio between the refractive index of the scatterer and the refractive index of the medium.
output signal seems to behave nonlinearly in relation to the power drop for the presented setup. This might be caused by the exposure of the sensor to very high intensities, while detecting only slight changes in the detected power. Therefore, we used piecewise cubic interpolation to approximate the input power to output signal curve of the setup.
APPLICATION AND DISCUSSION
Putting the method to the test, first the particle counter (Syringe, Markus Klotz GmbH, Germany) was calibrated with a set of polystyrene particles of the sizes shown in Table 1 . The particles were suspended in 1 ml of double-distilled water. Disagglomeration was achieved by exposing the suspension container to an ultrasonic bath for 30 min. Subsequently, the suspension was diluted with double-distilled water again to obtain 50 ml of sample suspension. All following anorganic particles were prepared in this manner. The calibration yields the sensor output signals U calib corresponding to the particle sizes D calib . To obtain the single output signal value U calib for each suspension, a Gaussian function was fitted onto the resulting sensor output signal distribution, and its central signal was labeled U calib . With simulations of the present power drop on the sensor, the power values P calib were calculated, providing the data points for the piecewise cubic interpolation of the inverse setup response function PU .
At this point, the setup was characterized and the method could be tested.
First, the calibration improvement was evaluated. Figure 6(a) shows the theoretical relative error in diameter determination induced by piecewise cubic interpolation instead of Mie-theory-based interpolation. To evaluate the performance of both methods, particles of the same material as the calibration set were measured and the sensor output signals were translated into particle diameters using each method. The corresponding particle sizes are listed in Table 1 . They were prepared the same way as was the calibration set.
The next evaluation steps were measurements on biological samples, such as THP-1, CHO, and yeast cells. Figure 6(b) shows the theoretical relative error for the size determination of particles with materials differing from the calibration. For a polystyrene calibration, some size ranges exist where measuring other materials results in very similar signals, such as silica microspheres between 5 and 8 μm. Particle size determination of biological samples with refractive index lower than 1.4, on the other hand, yield large errors, as shown by the blue curve of Fig. 6(b) .
THP-1 cells and CHO cells were bought in suspension culture, kept in an incubator at 37°C and 5% CO 2 , and regularly split to prevent overpopulation. Yeast CY 3079 cells were acquired in a dried state. 5 g of dried yeast cells were brought into a buffer medium, consisting of 10 g of tryptone and 10 g of dextrose, which have been solved in 500 ml of double-distilled water and subsequently cultured in an incubator shaker at 30°C
. To prepare the cells for measurement, they were centrifuged and brought into phosphate-buffered saline (PBS). In accordance with Liang et al. [32] , the difference in refractive index of PBS to water was assumed negligible, so a medium refractive index of 1.33 was used for cell measurements, as well.
Su et al. [34] have compared measurements of THP-1 cells with numerical simulations. They assumed the refractive index of the cytoplasm to be 1.35, of the nucleus to be 1.39, and of the mitochondria to be 1.42 at a wavelength of 532 nm. Therefore, we assumed an effective refractive index for a THP-1 cell of 1.37 at a wavelength of 543 nm and 1.36 at 780 nm, which is used by the presented setup. They assumed a particle diameter of 12 μm in accordance with Tsuchiya et al. [37] , who found cell sizes to be between 12 and 14 μm. Using phase contrast microscopy, the size distribution of the analyzed THP-1 cells was determined to reach from 10 μm to 18 with large numbers of cells between 11 and 13 μm. A representative a Polystyrene was used as calibration material. The corresponding particle sizes are listed in the first column of this table. A second set of polystyrene particles was measured to test the improvement of the calibration obtained from the first set. The sizes of the second set are shown in the second column. Manufacturers are marked as follows: (1) microParticles GmbH, Germany, (2) BS-Partikel GmbH, Germany, and (3) Thermo Fisher Scientific (DUKE), USA. fraction of the microscopic images is shown in the results section in Fig. 8 . Chinese hamster ovary cells (CHO) have been studied in our group before [36] . In accordance with Su et al. [35] , the refractive index of the cytoplasm was assumed to be 1.36, of the nucleus to be 1.39, and of the mitochondria to be 1.38 at a wavelength of 405 nm. Regarding the low wavelength for which the above values have been determined, we assumed an effective refractive index of 1.36, as well. The size distribution for analyzed CHO cells was determined to range from 11 to 18 μm. Cells with a size of 12 μm have been found most frequently, with a relatively equal distribution between cell sizes from 13 to 15 μm and a low population of cell sizes above 15 μm. Previous works on CY 3079 yeast cells by our group [20] found that Mie-theory-based simulations with an effective refractive index of 1.40 at a wavelength of 543 nm approximate goniometric measurements of said yeast cells well. For a wavelength of 780 nm, we assumed a refractive index of 1.385. The particle size distribution was determined to range from 4 to 8 μm with its peak at 6 μm, with a gradually decreasing population of cell sizes in both directions.
RESULTS

A. Calibration Improvement
The first set of measurements concerned the polystyrene calibration improvement. By linear or piecewise cubic interpolation between calibration points, significant fluctuations in scattering intensities are lost, which can be described using Mie theory. Figure 7 shows the results for polystyrene microsphere measurements with a polystyrene calibrated setup. The results for piecewise cubic interpolation in the calibration data is represented by the blue curves, while the Mie-theory-based interpolation is depicted in red. The manufacturer information is shown by the vertical black solid line, with the margin of error indicated as the dashed lines. All results contain various small peaks that are already contained in the sensor output signal U meas and are therefore considered artifacts of the experimental setup. Figure 7 shows the improvement in sizing accuracy clearly, particularly for particles between 2 and 5 μm. While the particle size distributions from simple interpolation have very little overlap with the values given by the manufacturers, 
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Mie-theory-based interpolation yields fitting results. The most significant accuracy improvement is achieved for polystyrene particle sizes of 2.03, 4.21, and 4.47 μm, depicted in Figs. 7(b), 7(d), and 7(e). The size determination improvement for 1.50 μm particles, presented in Fig. 7 (a), rather concerns the particle count than the determined particle sizes. Too small diameters below the actual particle size and too high diameters above render the resulting diameter distribution for piecewise cubic interpolation too wide and flat. With Mie-theory-based interpolation, the particle count inside the margin of error provided by the manufacturer is close to double the count using common interpolation methods. For polystyrene particle sizes 2.39 and 19.3 μm, depicted in Figs. 7(c) and 7(f ), the results using Mie-theory-based interpolation yield only slightly better accordance with the manufacturer information than the results from piecewise cubic interpolation. Polystyrene microspheres with a diameter of 4.21 μm from the same batch have been studied by our group before [18, 19] using a scattering light microscope. There, the mean diameter of these particles was found to be closer to 4.15 than 4.21 μm. The overall tendency of the results for Mie-theory-based interpolation shows slightly lower mean particle sizes than described by the manufacturer information.
B. Measurements on Biological Samples Using PS Calibration
In the next step, particles with a different refractive indices compared to the calibration particles were measured. Figure 8(a) shows the analyzed data for THP-1 measurements. The particle size distribution obtained from both methods, neglecting the differing cell refractive index peaks around 4 to 5 μm. The use of Mie-theory-based interpolation with an assumed refractive index of 1.36, as discussed above, yields a high concentration of particles between 11 and 12 μm with a lower concentration of particles from 14 to 19 μm. These results are in good agreement with the phase contrast microscopy measurements, of which one exemplary image is presented in Fig. 8(b) . Cell sizes from 10 to 18 μm have been determined from the phase contrast microscopy images. 10 μm sized cells and those from 16 to 18 μm were found rarely, and the highest population was found between 11 and 13 μm. Table 2 . The images in the right column were taken with a phase contrast microscope and show exemplary cell sizes corresponding to their neighboring size distributions. Images (a) and (b) correspond to THP-1, (c) and (d) to CHO, and (e) and (f ) to yeast cell measurements.
Mie-theory-based interpolation for optical particle counters examines one particle at a time with only one value measured, whereas many other methods using Mie theory either study an ensemble of particles or several distinct scattering angles simultaneously. Thus, other methods may achieve higher particle throughput at the cost of losing information of single particles or achieve higher particle characterization accuracy at the cost of a more complex and expensive setup. Where Mie-theorybased interpolation separates itself from most Mie-theory-based applications in the literature is in its applicability to commercially available devices that are already present in many laboratories, increasing their potential use without the need for physical adjustments of the setup.
Most limitations of Mie-theory-based interpolation derive from the particle counter used, such as measurable particle sizes, which are defined by the particle counter's SNR, sensor sensitivity, and data acquisition process. Limits to measurable particle concentrations are given by the particle counter sampling and flow rate, since coinciding particles in the detection volume have to be avoided. Particles that are edged or jagged and thereby cannot be approximated as a sphere can be assigned an equivalent diameter at best. Diameters of particles with significant absorption, on the other hand, should be determinable, since Mie theory handles complex refractive indices well.
CONCLUSION
Mie-theory-based interpolation has been proven a method to be able to increase the quality of particle counter calibration curves significantly. This can be used to further improve measurement results or decrease the amount of necessary calibration points, lowering time and financial burdens. Additionally, material specific calibration can be omitted, if the analyzed particles' refractive index is known. This approach is much faster and much less cost intensive than calibrations for each material that is to be analyzed. Therefore, Mie-theory-based interpolation in combination with a particle counter provides a tool for rapid particle counting and size determination, even for cells or other particles with the lack of a well fitting calibration material. The method can be used in a custom setup or a commercially obtained particle counter and can be adjusted to various detector designs.
An implementation of this method has been purchased by the particle counter manufacturer Markus Klotz GmbH and will be used for the calibration of particle counters, such as the Syringe, which was used as a test system in the presented work.
